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T he induction of cytochrome P450 1A was studied in gudgeon (Gobio gobio), a
common European cyprinid, using both farm-raised and �eld-caught �sh.  The effects of
sex, reproductive status and past exposure to xenobiotics were assessed. When exposed to
beta-naphtho�avone (bNF), reared gudgeon showed a dose-dependent increase of EROD
activity with a plateau observed at doses from 20 mg kg–1 (females) and 5 mg kg–1 (males).
T he sexual difference in EROD activity was related to the gonadosomatic index (GSI) of
the female whatever the level of induction. Dose and sex effects were con�rmed by the
immunodetection of CYP1A protein. More than 1 month was necessary for EROD
activity to decrease to baseline levels. A second bNF injection after 32 days gave similar
levels of induction, suggesting that EROD induction by bNF was not impaired by a pre-
treatment. Wild �sh were brought from two sites in the Rhône river basin: a low
contaminated site (Ain) and a highly contaminated site (Rhône). Wild gudgeon were
highly induced by bNF in laboratory conditions, except males from the Rhône site which
exhibited EROD levels as high as the EROD plateau found in laboratory conditions. A 2-
month depuration period in clean water was necessary for EROD activity in wild gudgeon
to decrease to baseline levels.  These results provide better knowledge of the main 
factors of modulation of the induction in gudgeon as well as on the in�uence of the history
of exposure to inducers.
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In troduction
Among biochemical biomarkers, the measurement of �sh EROD activity

(ethoxyresoru�n O deethylase activity, a cytochrome P450 1A dependent
monooxygenase) is one of the best documented responses to contaminants such as
dioxins, polycyclic aromatic hydrocarbons (PAHs), polychlorobiphenyls (PCBs).
Yet, the degree of induction of EROD activity may vary depending  on species,
sexual maturity, feeding behaviour, inhibitors, etc. (Goksøyr and Förlin 1992). To
improve our ability to accurately interpret data from �eld studies, it is essential to
quantify the factors of EROD variability  in both �eld and laboratory conditions as
well as to conduct controlled laboratory experiments on sentinel �sh species.

Many assumptions made from �eld observations can only be studied in
laboratory experiments, such as studies on the species sensitivity to induction
(Förlin and Celander 1993), time-course of induction over extended periods (Van
der Weiden et al. 1993, Huuskonen et al. 1995, Eggens et al. 1996), natural factors
of variability (Förlin et al. 1984), and inducibility and reversibility of EROD levels
of �sh continuously exposed to inducers (Wirgin et al. 1992, Celander and Förlin
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1995, Förlin and Celander 1995, Prince and Cooper 1995). However, a few studies,
using caging techniques, have measured EROD activity in the same �sh species
both in �eld and in laboratory conditions (Jimenez et al. 1988, Oïkari and
Lindström-Seppä 1990, Jedamski-Grymlas et al. 1994, Fenet et al. 1996).

In western European continental waters, gudgeon (Gobio gobio), a common 
and non-migratory cyprinid, is an appropriate sentinel species. We studied
gudgeon EROD induction in �sh from the �eld (Flammarion and Garric 1997,
Flammarion 1998). In addition, the small size of gudgeon enables easy holding 
in the laboratory, and gudgeon can be obtained both from the �eld and from 
�sh farms.

T he objective of the study was to describe the induction of cytochrome P450
1A in gudgeon from the �eld and from the laboratory, taking into account three
main factors: dose of inducing compound, sexual maturity, and history of exposure
to pollutants. In the laboratory, this was done by evaluating the effects on EROD
variability  by reproductive status (quanti� ed as gonadosom atic index, GSI) and
inducing pollutants (modelled as beta-naphtho� avone, bNF). A multiple bNF
injection was also carried out to study the EROD response in the case of successive
exposures. In addition, we compared the induction of cytochrome P450 1A in �sh
from two distinct sites, and we examined the EROD inducibility and reversibility
with wild gudgeon brought to the laboratory.

Materials and methods

Chemicals
7-Ethoxyresoru� ne, reduced b -nicotinamide adenosine-diphosphate (NADPH), beta-

naphtho�avone (bNF), and phenylmethylsulphonyl� uoride (PMSF) were purchased from Sigma
Chemicals Co. (St Louis, MI, USA). Aroclor 1254 was obtained from Cluzeau (Sainte Foy la Grande,
France). Monoclonal antibodies mouse anti-cod CYP1A IgG NP-7 were obtained from Biosense
Laboratories AS (Bergen, Norway). All other chemicals were of the highest available commercial grade.

Sampling of wild ® sh from two river locations
T he sampling sites were located in the Rhône watershed (south-east of France): one low polluted

area (Blyes in the Ain river) and one highly polluted area (Sablons-Serrières in the Rhône river). Metals
and organics are the major contaminants in the Rhône site which is located downstream from a large
industrial area, whereas the Ain site is a reference area (Flammarion  and Garric 1997, Flamm arion et al.
in press). 

Gudgeon (Gobio gobio) were sampled in spring (May–June : cyprinids spawning period) and in autumn
(September–October). The maximum time interval between samplings of the two sites was 1 month. After
being captured by electro� shing, �sh were immediately sacri�ced, weighed, measured, and dissected. 

Experimental ® sh holding
Gudgeon (107 ±0 ·6 cm ; 12 ±3 g) were obtained from a local �sh farm in central France (C. Giraud,

Fournols, France). Fish were held for at least 2 weeks before injection in dark tanks supplied with a
water �ow rate of 1·2 l kg–1 min–1 (temperature = 17 ±1°C; conductivity = 490 ±10 µS cm–1;
pH = 7·2 ±0·2; dissolved oxygen = 8·0 ±0·5 mg l–1). Fish were fed Trouvit (Trouw, Fontaine-les-Vervins,
France) at a rate of 1 % body weight a day. Feeding was stopped 24 h before both injection and sacri� ce.
Fish were maintained on an 8:16-h dark:light photoperiod. All reared gudgeon were spawning �sh
(experiments 1 and 2).

Experiment 1 :cytochrome P4501A induction by bNF in reared gudgeonÐ dose response and sex differences
Cytochrome P450 1A induction was obtained by intraperitoneal injection (i.p.) with bNF in peanut

oil. Each dose (0 ; 0·5 ; 1 ; 2 ; 5 ; 10 ; 20 ; 50 ; 100 mg bNF kg–1) was administered once as 100 µL per 10 g
to female and male gudgeon in late spring. Exposure was 4 days long.

60 P. Flammarion et al.
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Experiment 2 :reared gudgeonÐ time dependence of induction and repeated injection
Gudgeon were sampled in late spring and were treated with 50 mg bNF kg–1 and dissected 4, 8, 16

and 32 days later.  Then, 32-day pre-treated �sh were injected with 1 or 50 mg bNF kg–1 and dissected 4
days later to test the in�uence of a repeated injection on the induction of EROD activity.

Experiments 3 and 4 :wild gudgeonÐ inducibility by bNF and reversibility of induction
For two studies, wild �sh were gently brought to the laboratory and dissected either 3 days after a 

50 mg bNF kg–1 injection, or 2 months after a depuration study in clean laboratory water. Tank water
was maintained at the same temperature and conductivity as in the �eld site. With the depurated �sh,
chemical analyses in muscle were performed so as to compare the potential parallelism, if any, between
the decrease of EROD activity induction and the decrease of bioaccumulated pollutants.

EROD assay
After �sh were sacri� ced, liver and gonads were removed . Liver was rinsed in 150 mM KCl,

homogenized in 100 mM phosphate buffer, pH 7·8 with 20 % glycerol and PMSF, poured into 1·8 ml
cryotubes. Liver homogenates were frozen in liquid nitrogen and kept for several days at –80°C before
enzymatic assay. Gonadosomatic index (GSI) was calculated and expressed as the ratio of gonads weight
to total body weight. This was done only in the laboratory with experimental �sh because of the low
precision of the �eld balance.

L iver homogenates were thawed at 4 °C and centrifuged at 9000 g.  The supernatant (S9) was used for
enzymatic assay performed at room temperature (20 ± 1 °C) by a �uorimetric procedure on a 96-well
microplate (Flammarion and Garric 1997). Enzymatic activities were expressed in terms of S9 protein
concentrations measured by the method of Lowry et al. (1951).

Preparation of microsomal fractions
Just after EROD dosage, S9 supernatants were pooled and centrifuged at 105 000 g for 1 h at 4 °C. The

microsomal pellets were resuspended in homogenization buffer (100 mM phosphate, pH 7·8, 1 mM ED TA,
1mM D T T, 20 % glycerol). Microsomal proteins were determined according to Lowry et al. (1951).

Western blotting
SD S–PAGE gels (10 % polyacrylamide) were run according to the method of Laemm li (1970).

Microsomal proteins (20 µg loadings) were transferred to nitrocellulose membrane and immunodetected
using enhanced chemiluminescence (ECL, Amersham Life Sciences, Little Chalfont, UK), which is 
10-fold more sensitive than colorimetric methods (Kloepper-Sams and Benton 1995). The
immunodetection procedure used a mouse anti-cod CYP1A monoclonal antibody (Biosense
Laboratories, Bergen, Norway) at a 1/200 dilution and an anti-mouse horseradish peroxidase (HRP)-
linked secondary antibody (BioRad, Hercules, CA, USA) at a 1/1000 dilution. The bound HRP
catalyses an enhanced chemilum inescent reaction producing light captured on � lm (1 min exposure,
K odak Biomax � lm). Image recording and processing were performed by Visilog 4.1 (Noesis, France).

Chemical analysis of ® sh muscle
T he chemical determination of bioaccumulated pollutants in gudgeon was performed with gudgeon

from the Rhône site and brought to the laboratory for the depuration study.  This is a multiresidue
procedure suitable for the determination of 132 molecules (EC 76/464) including PCBs, organochlorine
pesticides and PAHs. In this study, only PCBs were detected in the �sh muscle. Muscles obtained at the
same sampling date were pooled.

PCB analyses were performed on a gas-chromatograph (GC) with electron-capture detection (ECD).
A 10-g portion of homogenized muscle was extracted twice (neutral, acidic) with 50 ml
dichloromethane/acetone (1 : 1) using an Accelerated Solvent Extraction (ASE 200 Dionex) for 5 min at
100 °C.  The organic extracts were combined prior to 2-h freezing and �nal concentration to 10 ml in
ethyl acetate. GC/ECD was performed with a Varian Star 3400 apparatus using a Varian 8200 injector 
(1 µl injection). The columns used were DB5 (J&W Scienti� c) and SGE capillary columns. Nitrogen
was the carrier gas.  The injector was heated up to 300 °C at 150 °C min–1 and held for 34 min.

PCB results were given as the sum of 12 congeners (PCB 28, 44, 52, 101, 105, 118, 138, 153, 170,
180, 194, 209) in µg g–1 lipid weight.

Data analysis
S TATISTICA  software (StatSoft Inc., Tulsa, O K, US) was used for all statistical analyses

(ANOVA, regression, Student’s t -test). EROD and GSI data were automatically log-transformed to

Cytochrome P450 1A induction in gudgeon 61

B
io

m
ar

ke
rs

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

C
ha

ng
hu

a 
C

hr
is

tia
n 

H
os

pi
ta

l o
n 

11
/1

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



conform to the normality test ( c 2 test for normality) and to the homogeneity of variance (Levene’s test).
T he 95 % con�dence intervals (95 % CI) were calculated on the log-transformed data using the critical
values of Student’s t -distributions. 

Results

CYP 1A induction in wild and reared gudgeon
A 2-year study of EROD levels in gudgeon from Ain and Rhône showed that

EROD activities in the Rhône site were 5–10 times higher than in the Ain station
(�gure 1). Sexual differences in EROD activities were greater in spring, the
spawning period. Temporal differences in the Rhône results might be due to the
temporal variability of pollution in the area downstream of a large industrial zone
(e.g. higher inducing contamination in spring 1996 than in spring 1995).

In the laboratory, gudgeon baseline EROD activities did not vary signi� cantly
over the course of the experiments (6 months) for both males and females, with
geometric means (and 95 % CI) of baseline EROD activities for females and males
of 4 (2–7) (N = 37) and 12 (7–17) (N = 44) pmol min–1 mg–1 protein respectively. In
addition, EROD induction by 50 mg bNF kg–1 (sampled 4 days after treatment :
experiments 1 and 2) showed reproducibility for both females and males (the
experiment was repeated twice). The bNF-treatment led to a 10-fold induction of
EROD activity in gudgeon for females and males : 54 (24–120) (18) and 109
(90–134) (19) pmol min–1 mg–1 protein respectively (�gure 1). 

T hose experimental results show the reproducibility of the experim ents with
gudgeon in the laboratory. In addition, the control and induced EROD activities
observed in the laboratory were quite similar to control and induced �eld EROD
levels (�gure 1).

T he induction of cytochrome P450 1A in gudgeon from the Rhône site was
con� rmed by the immunodetection of CYP1A protein (�gure 2). The anti-cod

62 P. Flammarion et al.

Figure 1. Comparison of �eld EROD levels (pmol min–1 m g–1 protein) with control and 4-day 
50 m g b N F kg–1-induced laboratory gudgeon. EROD activities in �sh from Ain ( O ) and Rhône
(n) are given as geometric means with 95% con�dence intervals. Dashed lines represent the
reared-� sh EROD levels (do not suggest that laboratory studies were performed continuously
over the 1995–96 period). Unfortunately, no males could be sampled from the Rhône in autumn
1995. Samplings were n=10 unless otherwise noted in the �gure. a: signi�cantly different from
Ain; b: signi� cantly different from males.
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CYP1A Mab recognized a protein band of 58 kDa with microsomes from both
bNF-treated and �eld-induced gudgeon.

Experiment 1 :cytochrome P4501A induction by bNF in reared gudgeonÐ dose response and
sex differences

Maximum EROD activities were observed for males at doses of 5–100 mg kg–1

and for females at doses of 20–100 mg kg–1 (�gure 3). No sexual difference in
EROD activity was detected at 50 and 100 mg kg–1, suggesting that female EROD
activity plateau was as high as that for males (i.e. about 100 pmol min–1 mg–1

protein). The 0·5 mg bNF kg–1 i.p. injection was enough to signi�cantly induce
EROD activities of both females (p = 0·04) and males (p< 0·01) whereas CYP1A
protein was not detected at this dose using Western blotting (�gure 4). 

A two-way ANOVA was performed to test for differences due to dose and sex. At
doses <20 mg kg–1, dose and sex effects were highly signi�cant (p < 0·001) while the
interaction was not signi�cant (p = 0·20). This con� rmed that the EROD activities
of males were higher than those of females, whatever the dose < 20 mg kg–1.

In addition, the female within group variability was higher than that for males
(�gure 3). The EROD within group variability  was quanti� ed with the S D of
log(1+EROD) distribution. No dose effect on such dispersion was observed,
whereas a strong sex effect was detected (p < 0·01) : S D(females) = 1·07 ±0·29 and
S D(males) = 0·45 ±0·17. 

T he higher variability observed for females may be due to the degree of sexual
maturity. Within each bNF treatment, we observed a signi�cant relationship
between EROD and GSI. That was found only with females, and both intercept
and slope values of the linear regression analyses were dose dependent (Table 1).
T hen, we looked for a more general model such as log(1 + EROD) as a function of
G S I : if « ratio » is the log(1 + EROD) level for a female normalized with the
corresponding mean for males with the same bNF treatment, then:

log(1 + EROD)(female)
ratio = 1·3–0·5log(1 + GSI)(R2 = 0·5; p < 0·05)

mean(log(1 + EROD))(males)

Experiment 2 :reared gudgeonÐ time dependence of induction and repeated injection
After a 50 mg bNF kg–1 injection, EROD induction was constant for females and

for males for 4, 8, and 16 days (�gure 5). However, after 32 days, female EROD

Cytochrome P450 1A induction in gudgeon 63

Figure 2. Im munoblotting of gudgeon hepatic microsomes for cytochrome P4501A using anti-cod
Mab. Reared and wild �sh were sampled in 1996. Loadings of 20 µg microsomal proteins per lane
of the gel.
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activities had signi�cantly decreased and were not different from control (p = 0·5).
Male EROD activities had also signi�cantly decreased, but they were still higher
than control (p < 0·05) (table 1). Then, we tested the inducibility of EROD activity
in 32-day  bNF pre-treated gudgeon with an additional injection of 1 or 50 mg bNF
kg–1.  These doses were chosen because the �rst one evaluates the EROD sensitivity
while the second dose evaluates the maximum of induction (considering the
dose–response curve in �gure 3). EROD activities after an additional injection were
consistent with those of the dose–response curve (�gure 3).

Experiment 3 :wild gudgeonÐ inducibility by bNF
An additional induction was performed on �sh from both sites (Ain and Rhône) to

test the responsiveness of EROD induction. A 3-day bNF experiment at a 50 mg kg–1

dosing signi�cantly induced (p < 0·01) EROD activities of all �sh groups from Ain
and Rhône, except males from Rhône (�gure 6) whose EROD activities were as high
as the EROD plateau (see �gure 3). In addition, identical EROD induction was
obtained with gudgeon from both Ain and Rhône.  This suggests that a maximum
induction was obtained.

Experiment 4 :wild gudgeonÐ reversibility of induction
Gudgeon from the Rhône site were placed into laboratory water to observe the

potential EROD decrease over several months. No sexual EROD difference was

64 P. Flammarion et al.

Figure 3. Gudgeon EROD activities (pmol min–1 mg–1 protein) 96 h after i.p. injection of b N F. Values
are given as geometric means with 95 % con�dence intervals. Samplings were n = 10 unless
otherwise noted in the �gure.

Figure 4. Male gudgeon CYP1A immunodetection 96 h after i.p. injection of b N F.  Lanes a, b, c, and
d : 0 ; 0·5 ; 5 and 50 mg bNF kg–1 respectively.
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observed because �sh were sampled in autumn, so only pooled results of adult
gudgeon are shown in �gure 7. The EROD decrease was signi� cant (about –60 %)
after 1 month and EROD activities were as low as levels of Ain (in autumn) after 2
months. Only PCBs were detected in gudgeon muscle from the Rhône site. PCBs
levels were also found to decrease over the duration of the experiment (�gure 7). 

T hen, we compared the inducibility (with 50 mg kg–1 of Aroclor 1254 and
dissection 4 days after the injection) in reared gudgeon and in depurated wild
gudgeon (table 2). Induced EROD activities were equivalent , suggesting the
integrity of inducibility in wild �sh from the Rhône site.  

Discussion
T his study has improved our knowledge about the variability of cytochrome

P450 1A induction in gudgeon under both laboratory and �eld conditions, taking

Table 1. EROD activities of control and bNF-previously treated gudgeon after receivin g a 4 day-bNF
treatment. Values are given as geom etric means with 95 % con�dence intervals and number of
�sh in parentheses.

EROD activity (pmol min–1 m g–1 protein)

Female Male

Control 1 mg kg–1 50 mg kg–1 Control 1 mg kg–1 50 mg kg–1

Non pre-treated 4 (2–7) 9 (4–16) 54 (24–120) 12 (7–17) 44 (29–72) 109 (90–134) 
�sh (37)b (10) (18)b (44)b (10) (19)b

Pre-treated �sha 6 (3–12) 14 (6–35) 70 (44–108) 29* (15–54) 63 (29–120) 98 (59–163) 
(10) (10) (10) (10) (8) (8)

a Gudgeon was �rst injected with 50m g bNF kg–1 32 days prior to the second injection.
b Pooled results (see �rst section of the results).
* EROD activity in pre-treated �sh signi� cantly different from control non pre-treated �sh

(p<0·05).

Figure 5. Tim e course of EROD activities (pmol min–1 m g–1 protein) in female and male gudgeon
injected with 50 mg bNF kg–1. Values are given as geometric means with 95 % con�dence
intervals. Samplings were n = 10 unless otherwise noted in the �gure.
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exposure, sexual maturity and history into account. This study represents the �rst
analysis on the EROD response in gudgeon from both the �eld and a �sh farm.

Gudgeon proved to be a suitable species for laboratory and �eld studies. We
have previously also used chub (Leuciscus cephalus) in �eld studies to quantify the
EROD induction downstream of a chemical plant (Vindimian et al. 1991) and a
wastewater treatment plant (Kosmala et al. in press). In addition, we quanti� ed
both chub sexual difference in EROD activity as well as the relationship 
between EROD and the bioaccumulated organochlorindes (Flammarion 1998).
However, because of its large size, it was not possible to hold adult chub under
laboratory conditions which would allow further quanti� cation of the relationship

66 P. Flammarion et al.

Figure 6. Effect of a 50 mg bNF kg–1 treatment on EROD activities (pmol min–1 mg–1 protein) of
gudgeon from two different sites in spring 1996. Fish were sacri� ced 3 days after treatment.
Values are given as geom etric means with 95 % con�dence intervals. Fish had also been dissected
the day of bN F-treatment to test the laboratory in�uence during the 3 days (no in�uence was
observed). Samplings were n = 10 unless otherwise noted in the �gure.

Figure 7. Effect of a clean water depuration on EROD activity (pmol min–1 m g–1 protein) in gudgeon
from the Rhône site sampled in autumn 1996. EROD values are given as geometric means with
95 % con�dence intervals. Since no sex differences were observed for EROD activities, pooled
results (n = 20) were displayed. PCB data points are results from chemical analyses on pooled
muscle, so no error bars were calculated.
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between sex and EEROD induction. But, results obtained  with immature chub,
brought from the same �eld sites, con�rmed conclusions made with gudgeon as far
as inducibility and reversibility are concerned (Flammarion 1997).

Our study dealt with wild �sh kept in the laboratory.  This is a matter of concern
because of possible alterations of monooxygenase enzyme activities after a change
of the �sh habitat : the transfer of the �sh to laboratory, although gently
accomplished, may be stressful and cause a decrease in EROD activity (Huuskonen
et al. 1995). Yet, we did not observe such a decrease when �eld-induced �sh had
been transferred to the laboratory just after electro�shing. In addition, �sh from
the control site responded to bNF treatment in the same range as reared gudgeon. 

A dose–response curve of EROD activity in gudgeon  injected with bNF was
determined. The results are in agreement with earlier studies of �sh treated with
b NF. EROD activity was induced at 0·5 mg kg–1 as already observed with rainbow
trout (Flammarion et al. 1996) and EROD activity appeared to plateau at
~10–20 mg kg–1.  The maximum of EROD induction was reached at doses of 10–50
mg kg–1 and after 3–4 days of exposure (Melancon et al. 1981, Kloepper-S ams and
Stegem an 1989, Stegeman et al. 1990, Celander et al. 1993). Yet, CYP 1A
induction may have occurred between 5 and 50 mg kg–1 in the male (�gure 4),
whereas the EROD activity is at the plateau. This could result from an inhibition of
the EROD activity at high doses of bNF as already observed (Stegeman et al. 1990 ,
Haasch et al. 1993). 

Reared gudgeon were sexually mature �sh which explains the difference between
females and males in both control and induced EROD levels. Measurement of G S I
allows quanti� cation of gudgeon sexual maturity (Kestemont 1987), and GSI levels
were found to be positively related to female oestradiol-17 b with barbel (Poncin
1988) and rainbow trout (Förlin and Haux 1990). We quanti� ed the sexual
difference in EROD activity which was found to be negatively related to the GSI
levels of female gudgeon just prior to spawning.  This is in agreement with the
inhibitory effect of oestrogens: administration of oestradiol to juvenile Salvelinus
fontinalis and Oncorhynchus mykiss resulted in signi�cant decreases in
monooxygenase activities (Stegeman et al. 1982); co-injection of both oestradiol-
17 b and bNF to cyprinid Rutilus rutilus resulted in almost 50 % decreases for both
basal and induced EROD levels (O’Hare et al. 1995).

By correcting female log(1+EROD) levels with the EROD–GSI formula, we
con� rmed that no signi�cant difference could be observed between males and
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Table 2. Effect of a 50 mg kg–1 i.p. injection of Aroclor 1254 Aroclor 1254 on PCBs levels in muscle
and on EROD activity in laboratory gudgeon and in 2-month-depurated gudgeon from the
Rhône site. EROD values are given as geom etric means with 95 % con�dence intervals and
number of �sh in parentheses.

T reatment PCBs levels Female EROD activity Male EROD activity
(µg g–1 LW) (pmol min–1 mg–1 protein) (pmol min–1 m g–1 protein)

Lab �sh Wild �sh Laboratory �sh Wild  �sh Laboratory �sh Wild �sh

Control N D 0·1 5 (3–8) 7 (3–18) 15 (9–25) 12 (5–28) 
(10) (10) (10) (10)

Aroclor 1254 20·0 20·9 32* (13–80) 27* (13–52) 44* (21–80) 37* (17–79) 
(10)* (10))* (10)* (10)*
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females in log(1+EROD) levels (a two-way ANOVA, with dose and sex as factors,
did not �nd either signi�cant effect of both factors or interaction). In addition, we
found a decrease in the variance (38 % in place of 51 %; males : 21 %) that could not
be explained by the ANOVA grouping  variables (sex, dose). Such unexplained
variability was already observed to be high (Collier et al. 1995, Flammarion et al. in
press). The global relationships observed with bNF-treated female gudgeon
between EROD and GSI are quite similar to those found with wild female gudgeon
brought into the laboratory (ratio = 1·3 –0·35 log(1+GSI) (r2 = 0·5 ; F = 20 ; N = 19))
(data not shown) and with adult female chub (ratio = 1·0 – 0·25 log(1+GSI) (r2 = 0·2;
F = 15 ; N = 56)) (Flammarion et al. in press). This might be of practical interest
when sampling adult �sh for EROD determination : only 10 adults could be
analysed instead of 10 females and 10 males. In this case, a more precise �eld
balance (accuracy < 1g ; sheltered from wind, stability checked) should be used
because of the small size of gudgeon gonads. Of less practical interest but more
related to the inhibition mechanism , the measurement of oestradiol levels could be
performed and a similar formula could then be derived.

We observed a signi� cant decrease of EROD activity only 1 month after an
injection with 50 mg kg–1. A period of 16 days was not suf�cient to observe such a
decrease, whereas O’Hare et al. (1995) observed a decrease after 6 days with Rutilus
rutilus treated with 100 mg bNF kg–1, and Kloepper-Sams and Stegeman (1989)
after 12 days with Fundulus heteroclitus injected with 50 mg b N F kg–1.  The
con� icting results observed in the literature concerning time dependence  of EROD
induction are likely to be due to the dose and kind of the inducer as well as to the
�sh species. Some authors reported sustained activity only with the highest
concentrations while a decrease could be observed with the lowest concentrations
(Muir et al. 1990). It was also observed that maximum EROD levels were attained
rapidly and that EROD activity slowly declines or remains constant over months
with TCDD (Van der Weiden et al. 1993) or PCB (Palace et al. 1996). Such
discrepancies in the temporal pattern of induction may be attributed to the kinetics
of metabolization of the inducer : dioxins are more slowly metabolized than PAHs
and persist at active inducing levels (Celander and Förlin 1995). 

In the present study, we observed that treatment of gudgeon  with bNF did not
alter their responsiveness towards a second injection of bNF 32 days later. In
contrast, Celander and Förlin (1995) observed that a pre-treatment with PCB led to
a decrease in response when �sh were treated with PCB again, and a non induction
when �sh were furthermore injected with 3-MC. According to these authors, a
possible explanation could be that the Ah receptor was being either converted or
degraded. Thus, in the Rhône River, highly contaminated with PCBs and HAPs
(Flammarion et al. in press), the prior exposure of �sh could have affected their
inducibility, as already observed with a prior exposure to PCB (Wirgin et al. 1992 ,
Celander and Förlin 1995). Yet, our results suggest that inducibilities by bNF
(immediately on arrival at the laboratory) and by Aroclor 1254 (after a 2-month
depuration  period) were not impaired. In contrast, Prince and Cooper (1995)
observed that Fundulus heteroclitus population s from a chemically impacted site
(with elevated EROD activities) could not be induced by  TCDD, while non-
impacted �sh showed a great increase.  This may suggest that the impacted �sh
were resistant to the ability of T CDD to induce EROD activity because of an
alteration in the Ah receptor complex: a 90-day clean water depuration on
chemically impacted �sh did not decrease EROD activities and did not change their
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non-inducibility. We did not observe such a phenomenon, which might indicate
that the �eld induction in �sh from Rhône is caused by more rapidly metabolized
compounds. Besides, the decrease observed in �sh brought into clean water
suggests that these �sh did not suffer from a genetic alteration, acquired over
successive generations, due to the in�uence of heavy environmental pressure.

In conclusion, this work examined the EROD response in gudgeon both in the
�eld and the laboratory.  The quanti� cation of the induction as a function of dose,
sex and time in the laboratory provided the ranges of the induction with lower and
upper limits. CYP1A protein was immunodetected by MAb anti-cod both in
experimental and wild �sh. In addition, taking the time-effect into consideration,
studies of sensitivity and reversibility with �sh from the laboratory or from the
�eld provided better knowledge for further interpretation of EROD biomonitoring
results. As such, gudgeon appears to be an appropriate �sh species for biological
monitoring work in the aquatic environm ent.

Acknowledgements
T he excellent �eld technical assistance of M. Bray, P. Roger (Cemagref,  France)

is gratefully acknowledged. This work was supported in part by the GIP
Hydrosystèmes Program of the French Ministry of Environment and by �nancial
help from the Water Agency Rhône-Méditerranée-Corse and of Compagnie
Nationale du Rhône. Chemical analyses were performed at the Laboratoire
Départemental d’Analyses de la Drôme (France). Dr A. Devaux is gratefully
acknowledged for valuable comments on the manuscript. 

References
CELANDER , M. and FÖ RLIN, F. 1995, Decreased responsiveness of the hepatic cytochrome P450 1A1

system in rainbow trout (Oncorhynchus mykiss) after prolonged exposure to PCB. Aquatic
Toxicology, 33, 141–153.

CELANDER , M., LEAVER , M. J., GEORGE,  S. G. and F ÖR LIN, L. 1993, Induction of cytochrome P450
1A1 and conjugating enzym es in rainbow trout (Oncorhynchus mykiss) liver: a time course study.
Comparat ive Biochemistry and Physiology, 106C , 343– 349.

COLLIER,  T. K., ANU LACIO N, B.  F.,  ST E I N, J. E., GOKSØYR, A. and VARANASI, U. 1995, A �eld
evaluation of cytochrome P4501A as a biomarker of contaminant exposure in three species of
�at�sh. Environmental Toxicology and Chemistry, 14, 143–152.

EGGEN S, M. L., VETH AAK, A. D. , LEAVER , M. J., HORBACH , G. J. M. J., BOON, J. P. and S EIN EN, W.
1996, Differences in CYP1A response between �ounder (Platichthys �esus) and plaice
(Pleuronectes platessa) after long-term exposure to harbour dredged spoil in a mesocosm study.
Chemosphere, 32, 1357– 1380.

F EN E T, H., CASELLAS, C. and BO N TOUX, J. 1996, Hepatic enzymatic activities of the European eel
Anguilla anguilla as a tool for biomonitoring freshwater streams: laboratory and �eld caging
studies.  Water Science and Technology, 33, 321– 329.

F LAMMARIO N, P. 1997, Mesure in situ de l’induction du Cytochrome P450 1A chez des cyprinidés d’eau
douce.  Thèse de doctorat en Toxicologie de l’environnement de l’Université de Metz (5
décembre 1997). 107pp. + annexes.

F LAMMARIO N, P. and GARRIC, J. 1997, Cyprinids EROD activities in low contaminated rivers : a
relevant statistical approach to estimate reference levels for EROD biomarker ? Chemosphere, 35,
2375–2388.

F LAMMARIO N, P. , MIG EO N, B. and GARRIC, J. 1996, Joint effects of copper sulphate and methidathion
on rainbow trout (Oncorhynchus mykiss) EROD and AChE activities. Bulletin of Environmental
Contamination and Toxicology, 56, 440–445.

F LAMMARIO N, P.,  MIG EON, B. and GARRIC, J. 1998, Statistical analysis of cyprinids EROD data in a
large French watershed. Ecotoxicology and Environmental Safety.

F ÖR LIN, L. and CE LandER,  M. 1993, Induction of cytochrome P450 1A in teleosts : environmental
monitoring in Swedish fresh, brackish and marine waters. Aquatic Toxicology, 26, 41–56.

Cytochrome P450 1A induction in gudgeon 69

B
io

m
ar

ke
rs

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

C
ha

ng
hu

a 
C

hr
is

tia
n 

H
os

pi
ta

l o
n 

11
/1

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



F ÖR LIN, L. and CE LandER, M. 1995, Studies of the inducibility of P450 1A in perch from the PCB-
contaminated lake Järnsjön in Sweden. Marine Environmental Research, 39, 85–88.

F ÖR LIN, L. and HAUX, C. 1990, Sex differences in hepatic cytochrome P-450 monooxygenase activities
in rainbow trout during an annual reproductive cycle . Journal of Endocrinology, 124, 207–213.

F ÖR LIN, L., AND ERSSO N,  T., KOIVUSAARI, U. and HAN SSO N,  T. 1984, In�uence of biological and
environmental factors on hepatic steroid and xenobiotic metabolism in �sh: interaction with PCB
and beta-naphtho�avone. Marine Environmental Research, 14, 47–58.

GOKSØYR, A. and F Ö RLIN, L. 1992, The cytochrome P-450 system in �sh, aquatic toxicology and
environmental monitoring. Aquatic Toxicology, 22, 287–312.

HAASCH , M. L., QUARDOKUS, E. M., SUTHER Land, L. A., GOODRICH, M.  S. and L ECH , J. J. 1993,
Hepatic CYP1A1 induction in rainbow trout by continuous �owthrough exposure to beta-
naphtho�avone. Fundamental and Applied Toxicology, 20, 72–82.

HU US KO NEN,  S., RASANEN,  T.,  KOPONEN, K. and L IN D ST R Ö M– SEPPÄ, P. 1995, Tim e-course studies of
the biotransformation enzym es in control rainbow trout when adjusting to new habitats. Marine
Environmental Research, 39, 79–83.

JEDA M S K I- GRYML AS, J.,  LANGE, U. , SIEBERS, D.  and K ARBE, L. 1994, Induction of the hepatic
biotransformation system of the Golden Ide (Leuciscus idus) after exposure in the river Elbe.
Ecotoxicology and Environmental Safety, 28, 35–42.

JIM ENEZ , B. D., BU R T IS, L . S., EZEL L, G. H., EGAN, B. Z., LEE., N. E., BEAU CHA MP, J. J. and
M CCARTHY, J.  F. 198 8, The mixed function oxidase system of bluegill sun�sh, Lepomis
macrochirus: correlation of activities in experimen tal and wild �sh. Environmental Toxicology and
Chemistry, 7, 623–634.

K ES TEM ON T, P.  1987, Etude du cycle reproducteur du goujon, Gobio gobio L. 1. Variations saisonnières
dans l’histologie de l’ovaire. Journal of Applied Ichthyology, 3 , 145– 157.

K LOEPPER- SAM S, P. J. and BE N TON, E. 1995, A pplication of a sensitive chemiluminescent technique for
comparison of cytochrome P4501A  induction in hepatic and intestinal tissues of �sh exposed to
bleached kraft mill ef�uent. Marine Environmental Research, 39, 213– 218.

K LOEPPER- SAM S, P. J. and S TEG EMA N, J. J. 198 9, The temporal relationships between P450E protein
content, catalytic activity, and mRNA levels in the teleost Fundulus heteroclitus following
treatment with ß-naphtho�avone. Archives of Biochemistry and Biophysics, 268, 525–535.

KOSMALA, A., M IG EO N, B., FLAMMA RION, P. and GARRIC, J. Impact assessm ent of a wastewater
treatment plant using �sh biomarker EROD : �eld and on-site experim ents. Ecotoxicology and
Environmental Safety (In press).

L AEM M LI, U. K . 1970, Cleavage of structural proteins during the assembly of the head of the
bacteriophage T4. N ature (Lond.), 227, 680–685.

L OWRY, O. H, ROSEBROUGH, N. J.,  FARR, A. L. and RandALL, R. J. 1951, Protein measurement with the
Folin phenol reagent. Journal of Biological Chemistry, 193 , 265– 275.

M ELANCO N, M. J., ELCOMBE , C. R., VO D IC N IK, M. J. and L ECH , J. J. 1981, Induction of cytochrome
P450 and mixed-function oxidase activity by polychlorinated biphenyls and beta-naphtho�avone
in carp (Cyprinus carpio). Comparative Biochemistry and Physiology, 69C , 219–226.

M UIR, D. C. G., YARECHE WSKI, A. L., METNER , D. A., LOCKHA RT, W. L., WEBSTER, G. R. B. and
F RIESEN , K.J. 1990, Dietary accumulation and sustained hepatic mixed function oxidase enzyme
induction by 2,3,4,7,8 -pentachlorodibenzofuran in rainbow trout. Environmental Toxicology and
Chemistry, 9, 1463–1472.

O’HARE, D. B., SID DALL, R., ROBOTHAM, P. W. J. and G I L L, R. A. 1995, In�uence of oestradiol on
induction of EROD activity in roach (Rutilus rutilus L.). Chemosphere, 30, 1423– 1428.

OIKA RI, A. and L IN D ST R Ö M- SEPPÄ, P. 1990, Responses of biotransformation enzymes in �sh liver
experimen ts with pulpmill ef�uents and their components. Chemosphere, 20, 1079–1085.

PALACE, V. P. , KLAVERKAMP, J.  F., LOCKHA RT, W. L.,  METNER , D. A., MUIR, D. C. G. and BRO WN,  S. B.
1996, Mixed-function oxidase enzym e activity and oxidative stress in lake trout (Salvelinus
namaycush) exposed to 3,3’,4,4’ ,5-pentachlorobiphenyl (PCB-126). Environmental Toxicology
and Chemistry, 15, 955– 960.

POHL, R. J. and F O UT S, J. R. 1980, A rapid method for assaying the metabolism  of 7-ethoxyresoru� n by
microsomal subcellular fractions. Analytical Biochemistry, 107 , 150–155.

PON C IN, P. 1988, Le contrôle environnemental et hormonal de la reproduction du barbeau, Barbus barbus
L. et du chevaine, Leuciscus cephalus L., en captivité. Cahier d’Ethologie Appliquée, 8, 173–330.

PR INCE, R. and COOPER, K. R. 1995, Comparisons of the effects of 2,3,7,8 -Tetrachlorodibenzo-p-
dioxin on chemically impacted and non impacted subpopulations of Fundulus heteroclitus : II .
Metabolic considerations. Environmental Toxicology and Chemistry, 14, 589– 595.

S TEG EMA N, J. J., PAJOR, A. M. and T HOMA S, P. 1982, In�uence of estradiol and testosterone on
cytochrome P-450 and monooxygenase activity in immature brook trout, Salvelinus fontinalis.
Biochemical Pharmacology, 31, 3979– 3989.

S TEG EMA N, J. J., RE N TON, K. W., WOODIN, B. R., ZHANG, Y.  S. and ADDISO N, R. F. 1990, Experimental
and environmental induction of cytochrome P450E in �sh Bermuda waters. Journal of
Experimental Marine Biology and Ecology, 13, 49–67.

70 P. Flammarion et al.

B
io

m
ar

ke
rs

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

C
ha

ng
hu

a 
C

hr
is

tia
n 

H
os

pi
ta

l o
n 

11
/1

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



VAN DER W EIDEN, M. E. J., CELANDER, M., SEIN EN, W., VAN DER BERG, M., GOKSØ YR, A. and
F ÖR LIN, L . 1993, Induction of cytochrome P450 1A in �sh treated with 2,3,7,8-
tetrachlorodibenzo-p-dioxin or chemically contaminated sediment. Environmental Toxicology and
Chemistry, 12, 989–999.

VIN D IM IAN, E., NAMOUR, P.,  MIG EO N, B. and GARRIC, J. 1991, In situ pollution induced cytochrome
P450 activity of freshwater �sh : barbel (Barbus barbus), chub (Leuciscus cephalus) and nase
(Chondrostoma nasus). Aquatic Toxicology, 21, 255– 266.

W IR G IN, I. I., KREAMER , G. L., GRU N WALD, C., SQUIBB, K. and GARTE,  S. J. 1992, Effects of prior
exposure history on cytochrome P4501A mRNA induction by PCB congener 77 in Atlantic
tomcod. Marine Environmental Research, 34, 103– 108.

Cytochrome P450 1A induction in gudgeon 71

B
io

m
ar

ke
rs

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

C
ha

ng
hu

a 
C

hr
is

tia
n 

H
os

pi
ta

l o
n 

11
/1

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.


